
UNCLASSIFIED

AD NUMBER
AD393899

CLASSIFICATION CHANGES

TO: unclassified

FROM: confidential

LIMITATION CHANGES

TO:
Approved for public release, distribution
unlimited

FROM:

Distribution: Further dissemination only
as directed by Strategic Systems Project
Office, Department of the Navy, ATTN:
SP-243, Washington, DC 20390, OCT 1968, or
higher DoD authority.

AUTHORITY
NAVSEASYSCOM ltr dtd 7 Apr 1975;
NAVSEASYSCOM ltr dtd 7 Apr 1975

THIS PAGE IS UNCLASSIFIED



SECURITY
MARKING

The classified or limited status of this report applies
to each page, unless otherwise marked.
Separate page printouts MUST be marked accordingly.

THIS DOCUMENT CONTAINS INFORMATION AFFECTING THE NATIONAL DEFENSE OF
THE UNITED STATES WITHIN THE MEANING OF THE ESPIONAGE LAWS, TITLE 18,
U.S.C., SECTIONS 793 AND 794. THE TRANSMISSION OR THE REVELATION OF
ITS CONTENTS IN ANY MANNER TO AN UNAUTHORIZED PERSON IS PROHIBITED BY
LAW.

NOTICE: When government or other drawings, specifications or other
data are used for any purpose other than in connection with a defi-
nitely related government procurement operation, the U.S. Government
thereby incurs no responsibility, nor any obligation whatsoever; and
the fact that the Government may have formulated, furnished, or in any
way supplied the said drawings, specifications, or other data ;s not
to be regarded by implication or otherwise as in any manner licensing
the holder or any other person or corporation, or conveying any rights
or permission to manufacture, use or sell any patented invention that
may in any way be -elated thereto.



NJ
CONFIDENTIAL
TG-1036

OCTOBER 1968

Copy No.

Technical Memorandum

OBSERVER'S POSITION AND VELOCITY
DETERMINATION USING SATELLITE
DOPPLER MEASUREMENTS (u)

by E. W. HIX

IINOV 221981

THE JOHNS HOPKINS UNIVERSITY * APPLIED PHYSICS LABORATORY

In addition to security requremelnts which apply lu i". 4umlnt and mut
bmem a b u b y e r .ctor Sirtraeic S .P , .ct ficeYv CONFIDENTIAL

, ,A



CONFIDENTIAL
TG-1036

OCTOBER 1968

Technical Memorandum

OBSERVER'S POSITION AND VELOCITY
DETERMINATION USING SATELLITE
DOPPLER MEASUREMENTS (u)
by E. W, HIX

THE JOHNS HOPKINS UNIVERSITY * APPLIED PHYSICS LABORATORY
3621 Georgia Avenue, Silver Spring, Maryland 20910

Operating under Contract NOw 62.0604-c with the Department of the Navy

In addition to security requirements which apply to this document and must
be met, it moy be further distributed by the holder only with specific prior
approval of Director, Strateoic Systems Project officeC

GROUP 3 I DOWNGRADED A! 12,YEAR INTERVALS.
r I NO! AUTOMAIICALLY DECLASSIFIED

rI



M WS OMMIS uWv6,,s,. CONFIDENTIAL
APPLIED PHYSICS LABORATORY,.

liLy. I"*I"$6, MAms.*M.

F

if ABSTfRACT

[ -isting navigation techniques using satellite do..ler shift

measurements are sensitive to observer velocity errors., model is

developed for determining the 2osition and velocity of the observer with

V- th result that the nai n process will be independent of external

velocity source error. TLw position and velocity determination will be

I feasible provided that precision reference oscillators with instabilities

of about 2 parts in 1012 be used in the satellite and the navigator's

I equiment. Relativis-tic and tropospheric effects must be accounted for

V in the model. The feasibility also depends on the satellite velocity

error being less than 0.05 meter per second.
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I. INTRODUtCTION

jU Existing navigation techniques using the measured doppler shift

-of a satellite signal wJ:th respect to an observer moving on the surface of

tVke earth or at a measured altitude require initial estimates of observer

position and velocity. In these techniques the position of the navigator

F is computed by least squares estimation at some epoch and requires the use

of velocity estimates from other sources which are assumed to be correct.

This paper demonstrates the feasibility of determining both position and

velocity from the satellite doppler shift data.

L The doppler shift is measured simultaneously on two coherent,

harmonically related frequencies. A continuous real time correction for

ionospheric refraction is made to first order [I], [2], £3] and [41. The-

satellite borne 'oscillator also serves as the master clock for the navigation

system. A precise navigation program requires that the navigation system

L , clock be synchronized with the satellite clock. System concepts of satellite

doppler navigation are given in considerable detail by Guier and Weiffenbach

[ll], £2, £31 and C4].

Navigation programs in current; use determine only two state

variables, latitude and longitude, and an additional parameter, frequency

bias. The frequency bias, fT' is the difference in the frequencies of the

satellite oscillator and the receiver reference oscillator. Typical f7

determinations in a navigation fix range from one part. in 10 to one part

'U in 109. The f7 terms must be removed, or else be precisely known, during

the navigation process or an error will be induced in the latitude. The

jl stability of existing oscillators is such that the f7 term can be represented

as a constant during the time of the satellite pass. That f7 may be

CONFIDENTIAL'I ,lThis document cotaina information allecting the rational defense of the United States within the meaning of the Espionage Laws. Title 18
U.S.C., Sections 793 aad 794. 71 tranmiasion of the revelation of its contante in any mainet to an uhathortiled person is prohibited by law.
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considered constant implies that the doppler residual due to this term is

an even function with respect to the time of satellite closest approach, T .
c

It is shown on Figure 1 that the doppler residual due to a latitude error

is also an even function with respect to T . The f terms must be removed

or the fitting process will misconstrue the frequency bias as a latitudeLi

error.

The major uncorrected error source, when it occurs, in non-

stationary navigation is due to the use of inaccurate velocity data in the

computing procedure. The effect of input velocity errors in current

computational methods is clearly shown on Figures 2, 3, 4 and 5. The

magnitude of the position error is dependent on the magnitude of the velocity

error and on the relative geometry of the navigator observing the satellite.

The Sign of the position error is dependent on observer-satellite geometry

and the direction of satellite motion relative to the observer.

Figures 2 and 3 show, respectively, the magnitude of longitude

error, 5% in nautical miles, due to an input velocity north error, VN in

knots, and the second order latitude error, Up in nautical miles, due to

5VN. The abscissa of Figures 2, 3, 4 and 5 is given in terms of the [
elevation angle at time of satellite closest approach, measured with respect

to the topocentric horizon. Figures 4 and 5 show the magnitude of latitude

error, 5cp, due to an input velocity east error, 5 VE in knots,, and the

magnitude of the second order longitude error, 5X, due to 6V The position

error curves due to velocity error represented by Figures 2, 3,4 and 5 were

obtained in a computer simulation and have been .verified by analytic methods.

The position errors due to velocity errors are linear over a large range,

about 20 knots, of velocity errors. The modeling necessary to determine

position and velocity from the satellite doppler data will now be outlined.

CONFIDENTIAL
This document contain. information affecting the national defense of the United States within the meaning of the Espionag Laws, Title 18
U.S.C.. Sections 93 and 794. The tranernimeion or the revelation of its contents in any manner to ar unauthorised person is prohibited by law.



STUE JOUNS HOPKINS UNIVIESITY CONFIDENTIALAPPLIED PHYSICS, LABORATORY
S.LVER SpqaNS, MARYLAN4O

0\0

H0ILI

0

CU

---------------------------------------- ---- --- - o44-

C4-4

co Hi

1'- 0

0 H 0 H

-3-

CONFI DENTIAL
This document contains information affecibig the national defente od the United States within the meaning of the- Espionage Laws Title 18
U.S.C., Sections M3 and 794, The trsnsinisajon or the revelation of its contents in any manner to an unauthorized person is prohibited bY lasw.



THE J s HOO1 UNIVERSITY -CONFIDENTIALAPPLIED PHYSICS LABORATORY
S.Lv9" SPNMG MARVLAkO

_ [1

S0.6-

!L

0.5-'

0.3 - -'"

0.!2

15 25 35 5 55 65 75

Elevation Angle at Closest Approach, Ea(tc), degrees

Fig. 2 Longitude Error per Velocity North Error

"A -4-

CONFIDENTIAL

______ 'This document contains information affecting the national defense of the United States within the meaning of the Espionage L.aws, Title 18
U.S.C..Sections 793 and 794. rMe trnsnio.sion or the revelation of its contents in any manner to an unauthorced person is prohibited by law,



T649 XW WorsING SVEMT CONFIDENTIALAPPLIED PHYSICS LABORATORY

00

4-1)

0 04

0

.14j

Alt _J 4-

CONFIDENTIAL

This document contains information affecting the national defense of the United States within thw meaning of the Espionage Laws, Title 18
U.S.C.. Sections 193 and M9. The trsn~inisuion or the revelation of its contents in any manner to an unauthorized person is prohibited by law.



THE JOHNS HOPKINS UNIVERSITY

APPLIED PHYSICS LABORATORY CONFI DENTIAL
6 SLV(I SPRING, MARYLAND

tfi

_ I I a)
0 0

• _ . K

00P4 >

_ -- 0 V

r

.4

-6-

-y 6-

CONFIDENTIAL

This documient contains Inormoation affctingC the national defense of the United States within (lie mneaning of the Espionage Las,, Title 18CU S.C. Sections 793 and 7911. The tran-niision or the revehition of its contents in any manner to ans unauthorized pserson is prohibited by lIs%.



AP THE JOHNS HOPKINS UNIVERSITY CONFI DENTIAL
APLIED PHYSICS LABORATORY

SIL Iff SP~,NG, MARYLIAND

--

I 0

44.)

0

-n -ri HT

0 0 00

CONFIDENTIAL
This doilument contains Inlformnation affectinlg tlie national defense of tile Unitedl States Nithill the tining of the Espionage La~s. Title 10
U.S.C.. Sectionn M9 and 7N. Tile tran-minslinn or tile renelation of its contents in any mnner to an onauthoiizcd lerson is prohibited by law.



THK JOHNI HOPKIN11 UNIVIRSITY

APPLIED PHYSICS LABORATORY CONFIDENTIAL
SILVER SPRIN4, MARYLAND

II. DI3CUSSION

The expression for the doppler shift of the satellite signal as seen

by the observer, including general relativistic effects [5], [6], [7], thru J

order c2 is given by (1)

Ai A Rl 2(tA R , 1 ' "
(1) f(tT) (t, (t,) + [ ((t,)t) ( (t,T). (-))2

', - (Rs2-(t r(T)) +RsGN( (Rs(t)-rN( T)(tt~ r((iTS N R Wr7s N

where t satellite clock time

T observer's clock time

satellite position

r N observer's position

(t,' -Rst) - N(T)

f AP(t,T) -- (t, T)/l 5(t T) I

c -velocity of light

G Newtonian gravitation constant

ME =earth mass

fT source frequency

f doppler frequency

T= t + IP(t,r)l/c

and the dot (*) indicates time derivative.

,r-. Equation (1) is the modeled, or theoretical, doppler frequency

tto be computed in the navigation process. Relativistic corrections are

not necessary for latitude and longitude position determinations. The

relativistic terms must be included for position and velocity fixes, since

velocity determination from doppler data requires that the frequency be

relatively bias free, as will be shown later. Examination of the terms

of order c2 in (1) reveals that these terms contribute a frequency bias
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9
term of the order of one part in 10 for an orbit with a semi-major axis of

about 1.16 earth radii. The maximum doppler shift relative to the source [
frequency is about 2 parts in l0. r

The first order approximation of (1) is

(2) ,f('') = -- • (T rS )

It is clear from (2) that errors in the observer's velocity and

position contrbute to errors in the doppler frequency. It is also evident

from (2) that the satellite ephemeris, R and R is used as the reference

in the determination of the doppler frequency. Any errors in the ephemeris L
will contribute errors to the observer's position and velocity determination.

The least squares adjustment of the observer's position and velocity

to measured doppler points [t and other apriori data is formulated by (3). F

N 2.1 t , Tp)] [(3) F N =l~ ~ TI f T1

F
where nf(t , P Ix) represents the theoretical doppler data, Zf(T ) the

measured doppler data and x the state vectors to be minimized. The

components of the state vector are

x = (p, observer's latitude

x,, = 4, observer's longitude

x= , observer's angular velocity along a meridian

x4 = X, observer's angular velocity along a circle of latitude.

The remaining components of the state vector rN and N will be constraints

on the above formulation; details for computation will be given later.[ [
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Expressing the theoretical doppler shift by a Taylor series to

linear terms we have

(4f) t= A f(t, T X- -e(t T 1F e
i=l I

where the subscript e represents the initial estimates. Define, for

convenience

11 13 )b. -
1 Ox.

1

and

R Af(t, ' Ixe ) -T (X ), the doppler residuals.

The least squares adjustment may now be written as

N 4 12
(5) F= l R + b.Inx

N i

2lFThe usual minimization of F by 0 = O, = 1, 2, 3, 4 results in the
n t

normal equations (6).

N N 4
(6) Rb+ bb x= 1Z 1 . -~i ' 21,112, 3, 4

Equation (6) will be solved for Ax. An improved estimate of x. and

thereby an improved estimate of the theoretical doppler value can be

computed. The process is iterated until the magnitudes of the Axi are

sufficiently small such that the corrected values of xi are said to

represent the navigation solution.
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The normal equation. (6) are constrained to yield a solution on

the surface of the geoid in the case of ship navigation or on the surface

of a co-geoid in the case of aircraft navigation. The constraint is applied F
by means of the theoretical doppler evaluation on the geoid or co-geoid while

the partial derivatives allow only movement of the observer's position and

velocity on the geoid or co-geoid for ship and aircraft navigation respec- f

tively. The explicit constraint of the state vector YN is given by

equation (8). [

The general form of the partial derivatives needed for the normal

equations is given by (7).

(7) bi  = -_ , . , 2 ,

The partial derivatives may be obtained in a straightforward manner beginning

with equations (2), (8) and (11).

The navigator's position on the geoid in earth fixed cylindrical

coordinates, is "

(8) Cc =Rl + (l- f)2 tan2 .(T)] + (h + H) cos @(T)

c

zC (l f) tan p() + (h +H) sin (PT)

where R and f are the equatorial radius and flattening of the ellipsoid
V 0

respectively, h is the altitude of the antenna with respect to the geoid,

H is the altitude of the geoid with respect to the reference ellipsoid and

is usually defined as the geoidal height. Geoidal height may be computed
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r to a sufficiently accurate approximation as the difference between the geoid

potential function U, and the reference ellipsoid potential function V,

divided by the local gravity, here taken as the partial derivative of V with

respect to rN.

N nRoT3P3 n + P m[c mcos m X + S msin m X

0 (w R cosp)

l+3 P2
+ 5C4 P4 -

mC n r h ofiinso h

where P m are spherical harmonics; C I S are the coefficients of the
n

harmonics and p is the product of the Newtonian gravitation constant g,

i and the mass of the earth, M. We use the geopotential function given by

Guier and Newton, [8] . The usual definitions of cp and X used in evaluating

H are geocentric latitude and longitude, respectively. Negligible errors

are obtained by using geodetic latitude and longitude. Geoidal height is

a well behaved function, changing slowly with respect to latitude and

longitude increments, and for this reason it will only be necessary to

compute H once per navigation fix provided the original estimates of P and

X are correct to within 2 degrees.

The altitude of the antenna with respect to the mean sea level,

the geoid in the case of a ship, is treated as a measured system constant.

This completes the specification of the constraints rN and rN for the

case of ship navigation. Aircraft navigation requires external measurement

of h to give the estimate of the state vector rN. Sufficiently fast sampling

rates of h will allow an estimate of rN to be given.

The effect of altitude, h or H, errors in the computation of the

navigator's constrained radius is shown on Figure 6. The residuals of this
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effect were given on Figure 1 and shown to be an odd function. Again, the

effect of the odd function residual can be misinterpreted in the least squares

adjustment as either a longitude error or a velocity north error.

Figure 6 shows the longitude error due to height errors of 40

meters and 80 meters. The relative shape of the curves shows this effect

to be non-linear. Generally, this effect is negligible for ship navigation

since the capabilities exist to compute the navigator's radius to an

accuracy considerably better than 40 meters. Aircraft navigation will require

careful measurements and modeling of the least squares procedure. The effect4
of altitude error on the velocity north is negligible, amounting to a

maximum value of about 0.05 knots for an altitude error of 60 meters.

The observer's inertial longitude is given by (10)

(10) A(Xr) = X(i) + AG(t0) + We(T - to)

(t
where A 0) is defined as the right ascension of Greenwich meridian at

GIan epoch, here to, zero hours UT, and e) the earth's average sidereal

rate.

In order to obtain the partial derivatives, we decompose equation

(8) into inertial cartesian coordinates using (10) and differentiate as

necessary. The partial derivatives needed will become clear if the first

order expression for the doppler shift .s expanded as

fT
At,)= - Ck+ Yr+ z Sp-1

I - c
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and the general partial derivative is then

1 1 1 1 1 1 CkN 6N 81iN 6x [

2x -- + y - + z ], =, 2, 3, 4
p 1 1 1 7

The least squares adjustment of the data is normally referenced

to an epoch since in the general case the latitude, longitude, and velocity

components are functions of 'ime, T. The epoch chosen is T c the observer's

time of satellite closest approach.

'-

C() :(T ) + f (t)dt
T

(J2) c

T

X(Tr) =( + f (tdt[
C

Using numerical integration of oblate earth velocities in (12)

permits any reasonable maneuver of a ship or aircraft, depending upon the F
sample rate of the data. The maneuvering capability does require some form

of an external dead reckoning device such as an inertial system. In the

event no maneuver capability is required during the time of satellite pass,

then dead reckoning devices are not necessary for furnishing initial

parameter estimates.

Equation (6) represents a positive definite quadratic surface,

as is evident from the results given later. The quadratic surface is highly

elliptical with the semi-major axes in the direction of longitude and [
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velocity east with the minimum of the surface at the true zero, that is

where errors of latitude, longitude, velocity north and velocity east are

zero. Equation (6) is positive definite when the doppler data used in the

least squares adjustment covers a sufficient time, or geometrical span.

Figure 1 shows the latitude and velocity east residuals to be virtually

the same except near the horizon. Use of doppler data near the horizon

introduces another systematic error due to tropospheric refraction.

Tropospheric refraction effects can contribute an error which,

in general, is an odd function with respect to time of closest approach,

( 9], lO]. Errors behaving as odd functions will be misinterpreted in the

least squares adjustment as false longitude or velocity north residuals,

resulting in errors to these determinations. Ordinarily, tropospheric

refraction effects need not be accounted for if the portions of the

doppler curve between the horizon and approximately ten degrees elevation

are deleted from the leaft squares computation. However, in determination

of position and velocity, it has been found necessary to use the doppler

curve at elevation angles of about five degrees. Figure 1 shows the

doppler residuals, that is the difference between the theoretical, or

modeled, doppler data and the measured doppler data for latitude, longitude,

velocity north, and velocity east errors. It is clear from Figure 1 that

the longitude and velocity north residuals can be identified as odd functions
r with respect to sate.llite closest approach while latitude and velocity east

residuals are even functions.

The velocity error effects have furnished the motivation in

seeking to determine observer's velocity and position from satellite doppler

data. Until recently, only partial success in velocity determination had

k

v CONFIDENTIAL
This document contains information affecting the national defen-e of the United States within thc meaning of the Fpionate IA,% Title 18

f U.S.C., Sections 93 and 794. The transmission or the revelation of its contents in any manner to an unauthorzed person is prohibited by law.



THE JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORAIORY -18-- CONFIDENTIAL

SILVER SP.RN, MARYLAND

been achieved. In 1966 doppler data were obtained on a ship maneuvering

within range of a shore based theodolite triangulation net. The theodolite

data were reduced to give the ship's true position as a function of time. [
The same doppler data were navigated in two different fitting routines as

a) Determination of frequency, latitude, and longitude. li
b) Determination of frequency, latitude, longitude, and velocity

north. I
The results of the two methods of navigating are shown on Figure {

7. The f, cp and X determination used velocity components from an inertial

navigation system. The f7 , cp, and V N determination used the velocity F.
north component from the inertial system only as an initial estimate in the

least squares adjustment. The resultant improvements in the f y, X, VN

navigation fixes are due to the determination of a more accurate velocity

north component in the fitting process using satellite doppler data.

Recent experimentation by G. C. Weiffenbach and the author indicates

that velocity east may also be determined provided that the satellite

oscillator and receiver reference oscillator are sufficiently stable such F
that the frequency term does not have to be included in the normal equations

as indicated by equations (3) thru (6). Weiffenbach and the author have

used real world data in arriving at the required oscillator stability. The

results from real data and the simulation are in substantial agreement.

The experiment using the simulation program consisted of implementing

equation (6) and the constraints noted along with controlled errors repre-

senting oscillator instabilities. Figure 8 shows the results of the

simulation experiment, that is, the effect of velocity east errors due to

oscillator instabilities. The results shown on Figure 6 can be expressed as

IVEI = I5f7I g,,(Ea(t))[
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A value for the relative oscillator stability can be determined

by assigning a prescribed value to the allowable velocity east error. It

is more meaningful to include the effect of 5VE on the latitude error using

the curve of Figure 4 as

i 15l I 5VI fE(Ea(tc)

Substituting,

t I Ff I g (E (t ))fE(Ea(tc))

a value of 16f y/ , selected to allow 0.01 nautical mile latitude error,

represents a total oscillator instability of 5 parts in 1012. This total

oscillator instability includes the combined effects of satellite oscil-

lator and receiver reference oscillator instabilities.

Similar results have been obtained with real data in the

experiment by Weiffenbach and the author using navigation results from two

separate fixed sites. One fixed site is equipped with a Cesium frequency

standard while the other uses a Rubidium reference. At the time of this

writing, the Rubidium standard appears superior in short term stability

over a 20 minute span.

Assuming that it is possible to acquire atomic frequency standards

with a stability of about 2 parts in 1012 for both the satellite and

receiver reference oscillators then it is probable that velocity east can

f be determined in the real world with good accuracy. Determination of

velocity north has already been demonstrated on an experimental basis,

Fhowever it must be noted that acquisition of a value for velocity north
places rather stringent requirements on satellite velocity. Equation (2)
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clearly states that the ephemeris is the navigation reference. Satellite

velocity must be accurate to less than 0.05 meters per second if a 0.1 knot

determination of velocity north is desired since one knot is 0.514 meters

per second.

III. CONCLUSION f
Position and velocity have been determined in a computer simulation.

The simulation program accounts for all modeling except atmospheric, solar,

and magnetic activity. Excluded are ionospheric refraction [l], 13] ,

tropospheric refraction [9], 11, and the effects of drag forces which must

be accounted for in the real world. Assuming sufficient oscillator

stability and a sufficiently accurate ephemeris, then the accuracy of the

doppler satellite navigation system may be theoretically indicated by the

computer simadiibn results given on Figdfe 9.

* 9,
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